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Abstract:  
   The infrared (IR) reflectivity of laser synthesized TiO2 nanopowder in the anatase 
phase with a small deviation from stoichiometry is reported. The samples were characterized 
by SEM, XRD and BET measurements as well as Raman and photoluminescence 
spectroscopy. Analysis of the far IR reflectivity spectrum of the nanopowder reveals a 
presence of a plasmon mode. The charge carriers resulting from the lattice defects, mainly 
oxygen vacancies, are responsible for this mode. The dielectric function in a factorized form 
with a plasmon contribution is used to model the IR reflectivity spectrum and a good 
agreement between theoretical and experimental results has been found.  
Keywords: Anatase TiO2,Nanopowder,Plasmon-phonon coupling, Infrared reflectivity. 
 
 
 
1. Introduction 
 
  Nanocrystalline TiO2 has been extensively investigated in recent years because of its 
potential application in photovoltaics, gas sensing, and photo catalysis [1]. Therefore, an 
examination of structural and electrical properties of nanocrystalline TiO2, especially the 
influence of defects on electrical conductivity, has a great relevance in these applications [1]. 
Because of its donor-like vacancies, TiO2 is a n-type semiconductor. Due to a rather complex 
structure and the huge internal surface area of nanostructured materials, their electrical 
properties are different from its bulk counterpart. The electrical conductivity of 
nanocrystalline anatase TiO2 is proportional to the concentration of oxygen vacancies, which 
in turn, depends on the ambient oxygen pressure [1]. In this paper the influence of 
nonstoichiometry induced by laser irradiation in vacuum on the concentration of free carriers 
in the anatase TiO2 nanopowder is analyzed by Fourier transform IR reflectance (FTIR) 
spectroscopy. 
 
 
2. Experimental 
 
  Titanium dioxide nanopowder was synthesized by laser-induced pyrolysis, using 
titanium tetrachloride (TiCl4) and iso-propyl alcohol as liquid precursors. The liquid 
precursors were heated at temperatures 70 
oC and 60 
oC, respectively in thermostatted 
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stainless-steel bottles. In this process a cw CO2 laser (600 W) irradiates a confined stream of 
vapors carried into the reaction chamber by a controlled flow of SF6 (70 sccm) used as a 
carrier gas and reaction sensitizer. The as-produced powders were calcined in air for 4 hours 
at 500 
0C, in order to obtain white colored, nearly stoichiometric powder.  
The specific surface area (SBET) of an as-grown nanopowder was determined by the 
BET method using nitrogen adsorption and depends on preparation conditions. The measured 
SBET value for the sample labeled as TIS49 was 109 m
2/g.  
Scanning electron microscopy (SEM) images of the nanopowder were collected 
using a JOEL-JSM-5300 scanning microscope at 30 kV accelerating voltage. The particle size 
distribution was determined from a program GSD1 developed in our laboratory.  
The crystal structure of the powder was investigated by X-ray diffraction (XRD) and 
Raman scattering experiments. The XRD measurements were carried out with a Siemens 
D500/D501 diffractometer using the characteristic CuKα radiation. The Raman measurements 
were performed at room temperature in the backscattering geometry using an Ar
+ laser, Jobin-
Yvon U1000 monochromator and photomultiplier as a detector. Photoluminescence (PL) 
spectra excited by 479 nm (2.7 eV) line of Ar
+ laser were collected with the same equipment.  
The infrared reflection spectra of the TiO2 nanopowder pressed into pellets was 
measured at room temperature using a BOMEM-DA8 spectrometer in the spectral range 
between 80 and 1500 cm
-1. 
 
 
3. Calculation of IR spectra 
 
  It has been shown [2, 3] that the factorized form of the dielectric function  
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also known as four-parameter model, is appropriate to describe the reflection spectrum of 
anatase. This model involves parameters for TO and LO mode frequencies (ωTO, ωLO) and 
corresponding damping factors (γTO, γLO) [4].  
Since the analysis of the far IR reflectivity spectrum of TiO2 nanopowder reveals a 
presence of a plasmon mode, it is necessary to include the contribution of free carriers into the 
dielectric function. A system of plasmon-phonon coupled modes can be treated as an optical 
phonon system with one excitation, with zero transverse frequency. This procedure has been 
used for the plasmon-phonon coupling in bulk semiconductors [5]. 
However, the phenomenon of LO-phonon-plasmon coupling covers the individual 
properties of the plasmon and the phonons. To decouple this system, the dielectric function is 
decomposed into a sum of two independent terms:  
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The first term corresponds to phonons. The second one gives a pure plasmon contribution, 
represented by an improved Drude formula [4, 6]. In plasmon parameters there is the 
distinction between the damping factor γpl at the plasma frequency ωpl and the "static" 
damping γ0 at zero frequency.  
When the dielectric function is established in the way described above (Eq.(1) or (2)), 
the IR spectrum is analyzed in 3 steps, using (i) bulk data, (ii) polycrystalline character of 
nanopowder and (iii) porosity of nanopowder with the influence of pore shape [2, 7]. The 
dielectric function of the polycrystalline powder is determined from the equation deduced 
from Bruggeman effective medium approximation (EMA) [2, 8]. It assumes that the powder 
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crystal in two different polarizations, with the volume fractions 1/3 and 2/3, respectively [3, 
4]. Both functions are determined using the factorized form of dielectric function with 
coupled or decoupled LO phonon and plasmon modes (Eq. (1) or (2)).  
  The porosity of the nanopowder must also be included in the modeling of its 
dielectric function, where the generalized Bruggeman EMA [8] gives the best agreement 
between calculated and experimental results [2]. The porous nanopowder is assumed to be a 
nanocomposite of polycrystalline TiO2 and air, with the volume fractions fTiO2 and fair, 
respectively. The effect of pore shape is included through the adjustable depolarization     
factor L.  
  
 
4. Results and discussion 
 
  XRD spectrum of the TIS49 nanopowder with characteristic diffraction peaks for the 
anatase phase is shown in Fig. 1. The existence of a weak peak at about 2θ = 30
o points out an  
exceptionally small amount of the brookite phase, while the rutile phase was not observed.  
 
 
Fig. 1. XRD spectra of TiO2 nanopowder. 
 
 
  The average grain size of 14.3 nm is estimated from the major XRD peak for the 
anatase phase (around 2θ = 25.3°) using the Sherrer formula. It coincides well with the grain 
size of 14.5 nm, obtained from BET measurements performed on as-grown powder, which 
suggests that the particles of as-grown powder probably consisted of single crystals [9]. 
  The scanning electron microscope (SEM) image of TIS49 nanopowder and the 
corresponding grain size distribution are presented in Figs. 2(a) and 2(b), respectively. Most 
particles have a spherical shape, with the diameter range from 20 to 55 nm and the average 
grain diameter 〈d〉 =35 nm. The dimension of the grains observed by SEM is greater than 
those from XRD and BET as a consequence of subsequent agglomeration M. Grujić-Brojčin et al../Science of Sintering, 38 (2006) 183-189 
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a) b) 
Fig. 2. SEM micrograph of TiO2 nanopowder (a) and particle size distribution (b). 
 
 
  In Fig. 3 Raman spectra of the TIS49 nanopowder before and after laser irradiation in 
vacuum are presented. 
 
Fig. 3. Raman spectra of TiO2 nanopowder before and after irradiation by an Ar
+ laser beam 
in vacuum 
 
 
The Raman modes observed in both spectra can be assigned to the Raman spectrum 
of anatase single crystal: ~145 cm
-1 (Eg), 197 cm
-1 (Eg), 399 cm
-1 (B1g), 513 cm
-1 (A1g), 519 
cm
-1 (B1g), and 639 cm
-1 (Eg) [10]. However, after irradiation, the spectrum shows a great 
decrease in intensity, as well as small broadening and blue shift of the main Eg mode.  
The PL spectra of both irradiated and non-irradiated samples are shown in Fig. 4. The 
intensity of photoluminescence is significantly increased after irradiation in vacuum. The 
changes in the Raman and PL spectra obtained by irradiation in vacuum are reversible. 
Namely, after laser irradiation in air, the spectra nearly recover their previous shape.  
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Fig. 4. Photoluminescence spectra of TiO2 nanopowder before and after irradiation by an Ar
+ 
laser beam in vacuum. 
 
All mentioned above, as well as the brown color of the sample after irradiation, points 
to an increasing nonstoichiometry of the sample, due to oxygen outdiffusion in vacuum [11, 
12]. The defect chemistry in nonstoichiometric TiO2 has been discussed usually in terms of 
the formation of distinct atomic defects like Ti
3+ or Ti
4+ interstitials, or O
2- vacancies [1]. 
Such defects are expected to play a crucial role in doping of nanocrystalline anatase. 
The infrared spectrum of the TIS49 sample, taken after laser irradiation is presented 
in Fig. 5 by open circles. The appearance of a strong plasmon mode points to the presence of 
a great number of free carriers, introduced by nonstoichiometric defects. Although the 
plasmon mode has been observed earlier [6] in rutile TiO2, this mode is registered in anatase 
for the first time, to the best of our knowledge.  
Fig. 5. Experimental IR
spectra (open circles) of the
TiO2 nanopowder and fitted
spectra obtained by
generalized Bruggeman EMA,
with decoupled (solid line)
and coupled (dashed line) LO-
phonon-plasmon modes. 
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function (Eq.(1)), corresponding to coupled LO-phonon-plasmon modes (dashed line), and 
using the decomposed factorized form of the dielectric function (Eq.(2)) (solid line). Both 
spectra are fitted by generalized Bruggeman EMA, with volume fraction fTiO2=0.62 and pore 
shape factor L=0.65 [2]. The TO and LO frequencies of coupled and decoupled modes are 
compared in Tab. I. 
The coupling manifests itself by a significant frequency shift between coupled and 
decoupled LO-phonon modes. At the same time TO frequencies are very similar to the 
frequencies of the spectra of TiO2 nanopowders without a plasma contribution [2].  
Besides the main features in the IR spectra, there are two additional weak modes at 
about 150 and 640 cm
-1, originating from the Raman spectrum. Those parameters are omitted 
in Tab. I for clarity. The appearance of infrared-forbidden modes could be a consequence of a 
slight lattice distortion, caused by the substitution of Ti
4+ ions with Ti
3+, which locally may 
remove the neutrality of charges in the Raman active Eg modes [2]. 
 
Tab. I. Characteristic TO and LO phonon frequencies and damping factors (in cm
-1) of 
anatase TiO2, obtained from the fitting procedure with coupled and decoupled LO-plasmon-
phonon modes and published experimental results [2, 3]. The high frequency dielectric 
constant ε∞ is taken from Ref. [3]. Corresponding plasma frequencies and dampings are also 
listed at the bottom of the table. 
 
 
Analysis of the plasmon contribution is performed without taking into account 
specific properties of the nanopowder. Therefore the conductivity, calculated by the standard 
procedure [13] from pure plasmon parameters is much higher than the values obtained by Hall 
measurements of nanocrystalline anatase TiO2 films [1, 14]. Possible improvement of this 
applied model lies in the application of the generalized Drude model, with frequency 
dependant plasmon parameters [15]. This approach is based on the fact that two regions exist 
in the material: the areas inside crystallites and the highly distorted areas between them. 
Electrons in those regions respond differently to applied electromagnetic field, so they can be 
considered as different kinds of carriers, with different densities, effective masses and 
relaxation times. It seems reasonable to adopt this approach, since nanostructured materials, 
such as porous TiO2 nanopowder, have a complex structure with a huge internal surface area, 
and this will be the subject of our further analysis.  
 
 
5. Conclusion 
 
  Increasing nonstoichiometry in laser irradiated anatase TiO2 nanopowder is registered M. Grujić-Brojčin et al./Science of Sintering, 38 (2006) 183-189 
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by Raman and PL spectroscopy. The appearance of a strong plasmon mode in the IR spectrum 
of such nanopowder indicates the presence of a great amount of free carriers originating from 
nonstoichiometric defects, mainly oxygen vacancies at grain surfaces. A model for IR spectra 
based on generalized Bruggeman EMA, including a factorized form of the dielectric function 
is used to analyze the plasmon contribution. The results reported here point to the complexity 
of the plasmon-phonon interaction in nanopowders.  
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Садржај: У овом раду представљени су инфрацрвени рефлексиони спектри ласерски 
синтерованог нанопраха TiO2 у анатас фази са малим  одступањем од стехиометрије. 
Узорци  су  окарактерисани SEM, XRD и BET методама,  као  и  Рамановом  и  
фотолуминесцентном  спектроскопијом.  Анализом  спектра  рефлективности  овог 
нанопраха у далекој инфрацрвеног области регистрован је плазмонски мод. Носиоци 
наелектрисања, који потичу од дефеката решетке, углавном кисеоничних ваканција, 
одговорни су за појаву овог мода. Диелектрична функција у факторизованом облику са 
плазмонским  доприносом  коришћена  је  за  моделовање  спектра  инфрацрвене 
рефлективности;  добијено  је  добро  слагање  са  теоријским  и  експерименталним 
резултатима. 
Кључне речи: Анатас TiO2, Нанопрах, Спрега плазмон-фонон, инфрацрвена рефлексија, 
Моделовање 